Abstract
| INTRODUCTION
Studies focused on the mechanisms of species coexistence and resource partitioning are typically limited to one or a few temporal snapshots within modern or palaeontological time frames (see reviews in Crawford, McDonald, & Bearhop, 2008; Koch, Fox-Dobbs, & Newsome, 2009; Reid, Greenwald, Wang, & Wilmers, 2013; Walter, Kurle, & Hopkins, 2014 ). Yet it is well known that communities are dynamic, with constituent species shifting in myriad ways across a range of temporal scales in response to environmental change, including in their abundance, geographic position, phenology and behaviour (Blois, McGuire, & Hadly, 2010; Grayson, 2000a; Koch et al., 2009; Lyons, 2003; Mantyka-pringle, Martin, & Rhodes, 2011; Parmesan, 2006; Reid et al., 2013) . Furthermore, ecological theories of resource partitioning and competitive exclusion have traditionally focused on the role of interspecific interactions in shaping community structure and dynamics (Bolnick et al., 2011; Zalewski et al., 2014) . While the presence of intraspecific variation in resource use among sympatric species is less well studied, the diversity of resources used by a species clearly has implications for its ability to cope with changing environmental conditions. Indeed, greater breadth of resource use is widely thought to buffer generalist species from changing or variable environmental conditions, thus promoting the persistence and coexistence of species over time (Harnik, Simpson, & Payne, 2012; Hering et al., 2009; Kotiaho, Kaitala, Komonen, & Päivinen, 2005; McKinney, 1997; Rowe, Terry, & Rickart, 2011; Slatyer, Hirst, & Sexton, 2013) .
Moreover, intraspecific variation in species traits (e.g. morphology, resource use, behaviour) represents the foundation for evolution, and is increasingly recognized as an important factor in structuring species-and community-level responses to environmental change, be it via changing species associations, trophic relationships, functional roles of species or competitive interactions across space and time (Baltensperger & Huettmann, 2015; Bender et al., 2017; Bolnick et al., 2011; Crawford et al., 2008; Zalewski et al., 2014) .
Modern desert rodent communities are considered emblematic of the importance of species interactions, with the sympatric coexistence of multiple granivores long inferred to result from their differential utilization of microhabitats and seed preferences (Brown, Reichman, & Davidson, 1979; Heske, Brown, & Mistry, 1994) . Desert rodent communities are also characterized by conspicuously regular displacement in body size classes among coexisting species, with nonuniform energy flow through body size classes further suggesting that interspecific coexistence has been promoted by a size-mediated utilization of resources (Bowers & Brown, 1982; Ernest, 2005; Martin, 1996) . Nevertheless, the degree to which resource partitioning, and by extension the relative importance of niche-vs. neutral processes (Rosindell, Hubbell, & Etienne, 2011) , has remained consistent through time within desert rodent communities, is unknown. This raises the question of whether modern patterns of resource partitioning reflect a stable network of species interactions with respect to resources (Bender et al., 2017) , or are instead a transient expression of individualistic shifts in resource use. Such considerations are especially important for understanding the extent to which these processes have shaped the evolution of communities and thus for expanding our historical perspective on community structure (Martin, 1996) .
To gain insight into the temporal dynamics of resource partitioning, I quantify the isotopic niches of four species of sympatric desert mice using Modern, Historical and Holocene fossil specimens from Two Ledges Chamber (TLC), a long-term owl roost in northwestern Nevada spanning the last c. 7,500 years bp. This time period captures a regional climatic trend of warming and drying, with the frequency and duration of droughts increasing from c. 2,500 years to today (see below). The focal species include the omnivorous deer mouse (Peromyscus maniculatus), and three granivores: the western harvest mouse (Reithrodontomys megalotis), the long-tailed pocket mouse (Chaetodipus formosus) and the little pocket mouse (P. longimembris) . This suite of species are commonly found in all time periods at TLC, represent two body size classes, two families (Cricitidae and Heteromyidae), and capture a range of behavioural and physiological adaptations to life in a desert environment.
By placing the modern characterization of resource partitioning into a deeper temporal context, I address (1) how the realized niches of these species have changed over time, (2) the degree to which interspecific resource partitioning and intraspecific variation (i.e. niche breadth) have been stable or dynamic, (3) the role of intraspecific variation in determining interspecific niche overlap, and (4) the degree to which each species' resource use patterns today align with the range of variation they have demonstrated in the past. I find significant variation in the position, breadth and overlap of these species' isotopic niches through time, with increased niche segregation in the Recent (i.e. both Historical and Modern time periods), as each species currently falls outside their Holocene range of resource use in at least one niche axis. I also find that species niche dynamics are individualistic, and thus poorly explained by a temporally stable network of species interactions over centennial to millennial time-scales. I conclude by discussing the role of regional changes in climate and vegetation in shaping isotopic niche dynamics and interactions among these four desert mice, prehistorically, historically and today.
invasive cheatgrass) may be increasing resource partitioning in the Modern, pushing species past their baseline ranges of resource use variation.
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| MATERIALS AND METHODS

| Study system
Specimens of C. formosus, P. longimembris, P. maniculatus and R. megalotis were collected from owl pellets and pellet-derived sedimentary deposits at TLC, a long-term owl roost located on the western edge of the Smoke Creek Desert in northwestern Nevada (Hockett, 1991; Terry, 2010a; Terry, Li, & Hadly, 2011) (Figure 1a ). The TLC record was excavated starting in 1989 CE by B. Hockett and consists of 20 strata, each c. 5 cm thick, spanning the last c. 7,500 years bp . The geochronological framework of TLC is known from 10 AMS 14 C dates obtained on bone collagen. I assigned ages to undated strata using a spline-fit age model (following Terry et al., 2011) , and in some cases, combined the specimens of adjacent strata that individually provided too few specimens for robust inference. The historical pellet material was collected by sweeping up debris on the cave floor in 2005 CE and hence represents pellets that had accumulated since 1989 CE (Terry, 2010a) . Modern pellets were collected in 2013 CE, representing pellets that had accumulated since 2008 CE. (When combined, I henceforth refer to the Historical and Modern pellet material as "Recent" samples in contrast with the samples comprised of Holocene fossils). Focusing only on mandibles, I identified specimens by qualitative and quantitative morphological comparisons to reference material (Grayson, 2000b) .
Specimens were restricted to adults (assessed by dentition) to avoid potential diet changes associated with ontogenetic age.
The rodent community at TLC is relatively diverse for a desert assemblage, consisting of 19 species (Terry, 2010a; Terry et al., 2011) . The four focal species of this analysis are all present over the 7,500 year timespan of TLC: C. formosus and P. maniculatus are numerically dominant through time, while P. longimembris and R. megalotis are common, but with more variable relative abundances . The four species were chosen to maximize the potential to capture species interactions: They represent paired combinations of two body size classes (c. 8 g and c. 20 g; Smith et al., 2003) and two families (Cricetidae and Heteromyidae), which differ in their physiological and behavioural adaptations to a desert environment (Table 1) . Three of the species are seed specialists (C. formosus, P. longimembris and R. megalotis) (Brown et al., 1979) . Interactions F I G U R E 1 Location of Two Ledges Chamber (TLC) and regional climatic trends. TLC is situated on the western margin of the Smoke Creek Desert in northwestern Nevada (a). Holocene palaeoclimate estimates of mean annual temperature (b) and precipitation (c) were obtained from the National Center for Atmospheric Research Community Climate System Model v.3 (CCSM3; Liu et al., 2009; He, 2011) . The data represent decadal averages across a 50 × 50 km grid cell containing TLC. The δ
18
O curve (d) reflects hydrologic conditions of Pyramid Lake, located c. 16 km south of TLC (data from Benson et al., 2002) . Historical and Modern mean annual temperature (e) and precipitation (f) data were obtained from the PRISM Climate Group, and represent annual averages across a 4 × 4 km grid cell containing TLC. White circles denote the temporal positions of strata from TLC and represent MAT, MAP and δ among these granivores are expected to be strong; many species of heteromyid mice have been shown to exhibit high territoriality and antagonistic interactions towards one another in both the field and the laboratory (Blaustein & Risser, 1974; Heske et al., 1994) , while overlap in body size between P. longimembris and R. megalotis increases their potential for competition over resources (Bowers & Brown, 1982; Ernest, 2005) . In contrast, P. maniculatus is a diet omnivore (Jameson, 1952) , thus is expected to not exhibit as strong an interaction with the other species relative to the interactions among the specialists. However, P. maniculatus and C. formosus also overlap in body size. Additional species in this community that may also interact with the four focal species include the grasshopper mouse (Hafner & Upham, 2011; Terry, 2010a; Terry et al., 2011) . (Terry, Guerre, & Taylor, 2017) . Palaeobotanical specimens from packrat middens around the Lahontan Basin indicate that this diverse shrub community extends back to the end of the Pleistocene (Wigand & Nowak, 1992) . I therefore assume that the breadth of the isotopic resource base has not changed significantly over time. Nevertheless, the region around TLC has been transformed in the past century due to the spread of the invasive species Bromus tectorum (cheatgrass), resulting in a simplification and homogenization of the resource base (Morris & Rowe, 2014; Novak & Mack, 2001 ).
| Sample preparation and isotope measurement
Stable carbon ( C values were adjusted to 2013 CE using a spline model fit to the data of Rubino et al. (2013) and Indermühle et al. (1999) . Modern and historical sample ages are expressed as calendar years CE, while all fossil sample ages are expressed as years before present (bp) with the present defined by convention as 1950 CE.
| Analyses
For each species and stratum, I calculated means and standard deviations of δ 13 C and δ
15
N values to create isotopic time series. In order T A B L E 1 Summary information on the size, ecology and functional group assignments of the four focal mouse species at Two Ledges Chamber (TLC), Nevada. Ecological data from the Smithsonian North American Mammals database (https://naturalhistory.si.edu/mna/main. cfm). Size data from the MOM database v. 4.1 (Smith et al., 2003) & Post, 2007) , this method has been shown to be relatively unbiased with respect to differences in sample size (Jackson et al., 2011) and therefore permits comparisons across species and strata with regard to the relative position, area and overlap of species' isotopic niches.
The method assumes that a multivariate normal distribution is an adequate representation of the isotopic values (Jackson et al., 2011) .
While sample sizes for each species per time period were insufficient to rigorously assess this assumption, Q-Q plots suggest that a majority of samples across all species are well-approximated by a normal distri- (Heaton, 1999; Koch, 2007; Tieszen, 1991) Figure 1d ). This record indicates strong aridity and high amplitude oscillations in the level of Pyramid Lake prior to c. 6,500 years bp, a period of lower amplitude lake oscillations, drought, but less extreme aridity from c. 6,500 to 2,500 years bp, followed by an increase in both drought frequency and duration from c. 2,500 years to the present. Because the palaeoclimate reconstructions capture a temporal resolution of decades while the fossil assemblages at TLC are time-averaged at the scale of several centuries (Terry & Novak, 2015; Terry et al., 2011) , I analytically timeaveraged the palaeoclimate data over 250 years symmetrically around each stratum's inferred age before assessing correlations (following Terry et al., 2011 oregonstate.edu). These climate data represent 4 × 4 km spatial resolution, and are averaged over annual time intervals (Figure 1e ,f).
Finally, strata representing greater amounts of time likely capture greater numbers of non-contemporaneous specimens (Kidwell, 2002; Terry & Novak, 2015) , which could result in an apparent increase in niche breadth. To assess the influence of time-averaging on isotopic niche breadth, I rank-correlated each species SEA B values with the thickness of the stratigraphic layer(s) from which specimens originated. This assumes that stratigraphic thickness captures the rank order of the magnitude of time-averaging for each layer, which is supported by the near-linearity of the spline-fit age model that describes the geochronologic framework of TLC (Terry & Novak, 2015; Terry et al., 2011) .
| RESULTS
Specimens from the Modern TLC community exhibited an overall signal of resource partitioning among the three mice species present in this time period, with P. maniculatus, R. megalotis and C. formosus relatively segregated from one another along at least one isotopic niche axis (Figure 2a,b) . Within the cricetids, the omnivore P. maniculatus these species conforms to expectation given that P. maniculatus is known to consume a broad diet that includes insects (Jameson, 1952) .
C. formosus, however, appeared to be differentiated from the other species along the High overlap among species implies that shared food resources have not been a limiting factor for this desert rodent community over centennial to millennial time-scales, which is counter to experimental and observational evidence that indicates strong competitive interactions over food today on decadal to annual time-scales (Brown et al., 1979; Heske et al., 1994) . Perhaps this suggests that species interactions on longer time-scales are driven by other niche axes that are not captured N, such as microhabitat use (e.g. Price & Waser, 1985) .
Or perhaps it indicates that competition for food resources is simply less important overall in driving species niche dynamics over these expanded time-scales.
Further evidence for the decreased importance of resource partitioning in this desert rodent community in the Holocene comes from the comparison of inter-and intraspecific variation as quantified by between-specimen Euclidean distances (Figure 6 ). Throughout the Holocene, interspecific distances tend to encompass or, in the case of P. longimembris, be slightly less than intraspecific distances. In the Recent samples, however, interspecific distances tend to be greater than intraspecific distances, reflecting increased segregation and decreased overlap in isotopic niche space today. Furthermore, counter to expectation, the intraspecific distances within P. maniculatus, the widespread habitat and diet generalist, are not consistently greater than the intraspecific distances within the other three species that are diet and habitat specialists. High intraspecific variation for specialists challenges our prior (non-isotopic) natural history knowledge about dietary behaviour within species, and calls into question the validity of using broad-scale diet categorizations or mean value estimates to describe species differences when referring to a single population (see also Bolnick et al., 2011) .
Robust integration of palaeontological, historical and modern data requires consideration of taphonomic factors that could influence the patterns recorded in the stable isotopes. In this study, the specimens from all time periods were sourced from the same location and represent the same taphonomic mode of accumulation (owl predation; Terry, 2007 Terry, , 2010a with previous work having shown that owl pellet middens accurately record the composition and structure of the living small mammal community from which remains are drawn with minimal spatial averaging (Hadly, 1999; Porder, Paytan, & Hadly, 2003; Terry, 2010a Terry, , 2010b . Holocene fossil assemblages are time-averaged, however, with the remains of multiple generations condensed into a sedimentary record's stratigraphic layers. Furthermore, combining Years BP Years CE Years BP Years CE strata due to sample size constraints, as was done for certain strata, increases the time-averaging that those combined strata represent.
Time-averaging positively correlates with diversity, with increased time-averaging resulting in increased opportunity for detection of rare species and community shifts (Kidwell, 2002; Terry, 2010a Terry, , 2010b .
Isotopically, one would expect an apparent increase in intraspecific variation and thus increased niche breadth and overlap with increased time-averaging. While niche overlap does appear to be higher in the time-averaged Holocene strata (time-averaged over centuries ; Terry et al., 2011; Terry & Novak, 2015) , the cause is not increased intraspecific variation or increased niche breadth. Instead, niche breadth and variation along each isotopic axis are actually greater in the Recent samples, which are the least time-averaged (representing decadal to annual-scale time-averaging). This supports the contention that the dynamics of niche breadth and niche overlap through time represent true ecological shifts in the community, as opposed to a secondary taphonomic overprint.
Many environmental factors can also influence the isotopic signal of consumers via shifts in the isotopic composition of the resource base (Kelly, 2000; Koch, 2007; Pardo & Nadelhoffer, 2009 ). For example, increases in warming and aridity can drive enrichment in 15 N and, to a lesser extent,
13
C (Heaton, 1999; Koch, 2007; Tieszen, 1991) .
The region around TLC has experienced a warming and drying trend through the Holocene to the recent, coupled with increased drought frequency (Figure 1 ). If directional changes in climate were driving isotopic shifts in the resource base over time, one would expect to see a directional baseline shift in the isotopic composition of consumers through time as well. Furthermore, one would expect this baseline shift to affect multiple species, since all species in the environment would be similarly exposed to an isotopic shift within the available resources. 
| CONCLUSIONS
The TLC record, derived from fossil, historical and modern specimens, suggests that neutral processes have been more important than niche-based processes in shaping this community over centennial to millennial time-scales. Within the Recent, however, the importance of niche-based processes appears to have increased, yet it is unclear if this is due to the shorter (annual to decadal) time- driving factors including shifts in species abundances through time.
Incorporating the deeper temporal perspective offered by the Quaternary fossil record is a first step in moving towards a more complete understanding of the assembly of modern communities and a broadening of our insights into how species and their communities may continue to respond to climate and other anthropogenic impacts. 
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